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Mineral chemistry, whole-rockmajor oxide, and trace element compositions have been determined for the
Tuerkubantao maﬁc-ultramaﬁc intrusion, in order to understand the early Paleozoic tectonic evolution of
the West Junggar orogenic belt at the southern margin of the Central Asian orogenic belt. The Tuerku-
bantao maﬁc-ultramaﬁc intrusion is a well-differentiated complex comprising peridotite, olivine pyrox-
enite, gabbro, and diorite. The ultramaﬁc rocks are mostly seen in the central part of the intrusion and
surrounded bymaﬁc rocks. The Tuerkubantao intrusive rocks are characterized by enrichment of large ion
lithophile elements and depleted high ﬁeld strength elements relative to N-MORB. In addition, the
Tuerkubantao intrusion displays relatively low Th/U and Nb/U (1.13e2.98 and 2.53e7.02, respectively) and
high La/Nb and Ba/Nb (1.15e4.19 and 37.7e79.82, respectively). These features indicate that the primary
magma of the intrusionwas derived frompartial melting of a previouslymetasomatizedmantle source in a
subduction setting. The trace element patterns of peridotites, gabbros, and diorite in the Tuerkubantao
intrusion have sub-parallel trends, suggesting that the different rock types are related to each other by
differentiation of the same primary magma. The intrusive contact between peridotite and gabbro clearly
suggest that the Tuerkubantao is not a fragment of an ophiolite. However, the Tuerkubantao intrusion
displays many similarities with Alaskan-type maﬁc-ultramaﬁc intrusions along major sutures of Phan-
erozoic orogenic belts. Common features include their geodynamic setting, internal lithological zoning,
and geochemistry. The striking similarities indicate that the middle Devonian Tuerkubantao intrusion
likely formed in a subduction-related setting similar to that of the Alaskan-type intrusions. In combination
with the Devonian magmatism and porphyry mineralization, we propose that subduction of the oceanic
slab has widely existed in the expansive oceans during the Devonian around the Junggar block.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The Central Asian orogenic belt (CAOB) is the largest Phanerozoic
orogenic belt in the world which is bordered by the Siberian craton
to the north andNorth China-Tarim craton to the south (Fig.1a). The
West Junggar orogenic belt is located at the southern margin of the
Central Asian orogenic belt and accreted onto the Kazakhstan plate
as the Tarim, Kazakhstan and Siberian plates converged (S¸engör
et al., 1993; Windley et al., 2007; Xiao et al., 2008). Although much
work has been carried out on the late Paleozoic volcanic and acid
intrusive rocks (Han et al.,1997; Yuan et al., 2006; Zhou et al., 2006a,25.
of Geosciences (Beijing)
sity of Geosciences (Beijing) and P2008; Fan et al., 2007;Genget al., 2009; Shenet al., 2009, 2012; Chen
et al., 2010; Yin et al., 2010; Tang et al., 2012), the early Paleozoic
tectonic evolution of the belt is poorly constrained.
Maﬁc-ultramaﬁc rocks can be formed in variable tectonic en-
vironments, such as ophiolites in the active orogenic areas,
Alaskan-type complexes in the subduction-related setting and
large stratiform complexes in non-orogenic areas. They have
different geochemical features that can be used to identify the
tectonic environment and constrain the nature of the mantle
source (Naldrett and Cabri, 1976; Wilson, 1989; Deng et al., 2011,
2013). Maﬁc-ultramaﬁc intrusions are known to occur in West
Junggar orogenic belt. Most of themwere regarded as the ophiolitic
mélanges (Feng et al., 1989; Zhang and Huang, 1992; Wang et al.,
2003a, b; Zhu and Xu, 2006; Zhu et al., 2008; Xu et al., 2012;
Yang et al., 2012a), but more and more of maﬁc-ultramaﬁc in-
trusions were proved unrelated to ophiolitic mélanges (Guo, 2009;eking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. (a) Schematic geological map of the Central Asian orogenic belt (after Jahn et al., 2000; Xiao et al., 2009); (b) simpliﬁed geological map of northern Xinjiang (after BGMX,
1993); (c) simpliﬁed geological map of northern West Junggar orogenic belt, modiﬁed from 1:1,000,000 regional geologic map (after Xinjiang Bureau of Geology and Mineral
Resources, 2000).
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Junggar orogenic belt can potentially provide useful information on
the tectonic evolution of the belt.
The Tuerkubantao maﬁc-ultramaﬁc intrusion in the north-
western Junggar orogenic belt was considered as a part of ophiolite
(Wang et al., 2012). The zircon U-Pb ages of the gabbro and gneissic
granite are 363 and 355 Ma, respectively (Wang et al., 2012),
whereas LA-ICP-MS U-Pb zircon ages indicate that the gabbro was
emplaced at 394.6  4.9 Ma (Guo, 2009). Because of its Ni-Cu
sulﬁde ore potential, some exploration work has been carried out.
The objectives of this study were to understand the nature of the
mantle source of the Tuerkubantao intrusion and the tectonic
evolution of the region in which the intrusion was emplaced by
using mineral chemistry, major elements, and trace elements data.
2. Geological background
The West Junggar orogenic belt, bounded by the Altai orogen to
the north and by the Tianshan orogen to the south, extends west-
ward to the Junggar-Balkhash in adjacent Kazakhstan and eastward
to Junggar Basin in China (Fig. 1b). It is divided into a northern and
southern part by the Hongguleleng-Xiemisitai fault. The northern
part is composed by Paleozoic volcanic arcs and characterized by
EW-trending faults and fault-bounded blocks. Whereas thesouthern West Junggar is comprised of disrupted Paleozoic ophio-
lites, oceanic island arcs, mid-ocean ridges, and accretionary com-
plexes with NEeSWoriented faults (Feng et al., 1989;Windley et al.,
2007; Xiao et al., 2010).
The northernWest Junggar belt consists mainly of the Devonian
to Permian volcanic-sedimentary rocks (Fig. 1c; BGMX, 1993; Zhou
et al., 2006b, 2008). The Devonian rocks consist of calc-alkaline
volcanics and marine clastic sediments overlain by thick Carbon-
iferous marine clastic sedimentary successions and volcanic for-
mations (BGMX, 1993). Liu et al. (2003) used Rb/Sr methods to date
the Carboniferous volcanic rocks and obtained an Rb/Sr isochron
age of 343  22 Ma. Some researchers suggested that it is a Dev-
onianeCarboniferous island arc related to northward subduction of
the Junggar Ocean (Shen et al., 2005, 2008; Zhang et al., 2007). The
Permian volcanics, including a series of continental basic and acidic
volcanic rocks and pyroclastic rocks, have the characteristics of
typical bimodal volcanic rocks (Tan et al., 2007). They were formed
at 280e297 Ma (Zhou et al., 2006c) and covered by Quaternary
loose accumulation. According to the lithological and petrographic
characteristics of volcanic rocks, the Permian volcanism was
considered as the products of post-collisional magmatism (Zhou
et al., 2006b,c). Late CarboniferousePermian maﬁc to felsic in-
trusions are widespread in the West Junggar (Fig. 1c). Voluminous
alkali-feldspar granites yielded zircon U-Pb ages of ca. 290e340Ma
Figure 2. (a) Simpliﬁed geological map of the Tuerkubantao intrusion; (b) outcrop contact relationships of the peridotite and gabbro; (c) ﬁeld photo of rocks show the gabbro
crosscut the peridotite; (d) the lenticular peridotite surrounded by the gabbro; (e) the igneous contact relationships of the peridotite and volcanic country rock.
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Han et al., 2006; Su et al., 2006; Zhou et al., 2008; Chen et al.,
2010; Wei, 2010; Song et al., 2011). Small scale maﬁc-ultramaﬁc
intrusions were emplaced in the Devonian rocks along the sec-
ondary faults of the Irtysh fault (Wang et al., 2003a,b; Zhang et al.,
2003a; Dong et al., 2010a). The Tuerkubantao intrusion is situated
in the west of this maﬁc-ultramaﬁc intrusion zone (Fig. 1c).
3. Petrography of the Tuerkubantao intrusion
The Tuerkubantao maﬁc-ultramaﬁc complex has a long axis of
6 km, a maximum width of 0.5 km on the surface. It intruded into
middle Devonian argillaceous slate, dacite, tuff, sandstone, and
limestone lenses (Guo, 2009). The Tuerkubantao intrusion is awell-
differentiated complex comprising peridotite, olivine pyroxenite,
gabbro, and diorite (Fig. 2a). It is mainly consisted of the maﬁcrocks. The ultramaﬁc rocks are mostly seen in the central part of the
intrusion and some of them are lenticular in shape surrounded by
maﬁc rocks with sharp contacts (Fig. 2b,d). The peridotite of the
Tuerkubantao intrusion and volcanic country rock show igneous
contacts in the ﬁeld (Fig. 2e).
The peridotite contains 60e65% olivine, 5e25% pyroxene,
10e20% plagioclase, 5e10% hornblende, and minor sulﬁde
(Fig. 3a,b). The olivine inclusions are sub-rounded and enclosed in
large clinopyroxene, and hornblende. The sulﬁdes are commonly
interstitial (Fig. 3d). Trace chromite is present as small inclusions in
olivine. The olivine websterite contains 45e70% pyroxene, 15e30%
olivine, and 5e15% hornblende (Guo, 2009). The gabbro unit is
composed of plagioclase (60e65%), clinopyroxene (20e30%) and
hornblende (5e10%) (Fig. 3c). It is seen to crosscut the peridotite on
the surface (Fig. 2c). The clinopyroxene is intergrown with or
enclosed in hornblende and plagioclase. Some plagioclases are
Y. Deng et al. / Geoscience Frontiers 6 (2015) 141e152144enclosed in hornblende. The diorite contains 60e75% plagioclase,
25e35% hornblende, 2e10% biotite and 2e5% quartz. The crystalli-
zation sequence inferred from the textural and mineralogical evi-
dence is olivine / clinopyroxene / plagioclase / hornblende.
Trace chromite crystallized before andduring olivine crystallization.
4. Analytical methods
4.1. Mineral chemistry
Olivine and clinopyroxene from the Tuerkubantao rocks are
selected to be determined by wavelength-dispersive X-ray analysis
using an EPMA-1600 electron microprobe at the Institute of
Geochemistry, Chinese Academy of Sciences. The analytical condi-
tions were beam current of 20 nA, acceleration voltage of 15 kV and
a beam size of 10 mm in diameter, and the counting time was
20e40 s for major elements and 40e60 s for minor elements. SPI
mineral standards (USA) were used for calibration.
4.2. Major and trace elements
The samples analyzed in this study are from weakly altered
outcrops, located at the southwestern part of the intrusion (Fig. 2a).
Samples were cut with a diamond impregnated brass blade,
crushed in a steel jaw crusher that was brushed and cleaned with
de-ionized water between samples and pulverized in an agate
mortar in order to minimize potential contamination. Nine samples
were analyzed for major element oxides. They were measured us-
ing a PANalytical Axios X-ray ﬂuorescence spectrometer (XRF) onFigure 3. Photomicrographs of the rocks from Tuerkubantao intrusion. (a) Olivine enclosed
gabbro texture of gabbro; (d) interstitial sulﬁdes between olivine in peridotite. Ol e olivinefused glass beads at the ALS Chemex (Guangzhou) Co., Ltd. with an
analytical uncertainty less than 5%. 0.7 g powder of such samples
are mixed completely with ﬂux Li2B4O7eLiBO2 and then fused to a
glass bead at 1050e1100 C in an automatic melting instrument.
Selected trace elements were determined using a Perkin-Elmer
Sciex ELAN DRC-e inductively coupled plasma mass spectrometer
(ICP-MS) at the Institute of Geochemistry, Chinese Academy of
Sciences, with analytical uncertainty better than 10%. Samples were
digested with 1 mL of HF and 0.5 mL of HNO3 in screw top PTFE-
lined stainless steel bombs at 190 C for 12 h. The analytical pre-
cision is generally better than 1% for elements with concentrations
>200 ppm, and 1e3% when less than 200 ppm. The procedure for
the trace elements is described in detail by Qi et al. (2000).
5. Results
5.1. Mineral compositions
Olivine grains are observed in the peridotite of the Tuerku-
bantao complex. The olivines have forsterite (Fo) ranging from 86.9
to 88.5, NiO from 0.21 to 0.30 wt.%, and low CaO of 0.03e0.06 wt.%
(Table 1, Fig. 4).
Orthopyroxene grain is not observed in the Tuerkubantao
complex. The compositions of clinopyroxenes (Cpx) are all CaO-rich
and subordinate to diopside in Tuerkubantao and Alaskan-type
intrusions (Fig. 5). The enstatite percentages of the Cpx range
from 42.5 to 47.9. Though Cpx in peridotites and gabbros has similar
MgO and CaO contents, Cpx in gabbros has higher FeO and lower
Al2O3, Na2O, Cr2O3 than those in peridotites (Table 2). Thein pyroxene in peridotite; (b) olivine is intergrown with hornblende in peridotite; (c)
; Px e pyroxene; Pl e plagiclase; Hb e hornblende; Sul e sulﬁde.
Y. Deng et al. / Geoscience Frontiers 6 (2015) 141e152 145compositions of Cpx plot in the Alaskan-type complex ﬁelds in the
diagrams of TiO2 versus AlZ (AlIV  100/2) (Loucks, 1990) (Fig. 5).Figure 4. Fo content of olivines from the Tuerkubantao maﬁc-ultramaﬁc complex and
typical Alaskan-type complexes (modiﬁed after Pettigrew and Hattori, 2006). The data
sources: Turnagain, Clark (1980); Gabbro Akarem, Helmy and Moggesie (2001);
Blaschke Island, Himmelberg et al. (1986); Union Bay, Polaris, and Duke Island, Irvine
(1974, 1976), Tulameen, Rublee (1994); Quetico and Samuel Lake, Pettigrew and Hattori
(2006).5.2. Whole-rock major oxides
Representative major element contents of the Tuerkubantao
rocks are listed in Table 1. In the following plots and discussion, all
oxide contents of the rocks have been recalculated to 100% in a
volatile-free basis.
The Tuerkubantao intrusive rocks display regular compositional
variations, consistent with variations in mineral components. The
peridotite contains the high MgO (31.0e37.7 wt.%), Fe2O3T
(8.44e11.0 wt.%) and low SiO2 (42.2e45.0 wt.%), Al2O3
(4.63e10.2 wt.%), CaO (1.62e6.63 wt%), TiO2 (0.06e0.22 wt%) and
alkali contents (K2O þ Na2O ¼ 0.21 to 0.73 wt.%). The gabbro has
lower MgO (7.35e11.6 wt.%) contents and higher SiO2 (50.8 wt.%),
Al2O3 (17.3e22.9 wt.%), and CaO contents (12.2e13.9 wt.%) than the
peridotite (Table 3). SiO2, Al2O3, and CaO decrease with increasing
MgO, consistent with accumulation of clinopyroxene and plagio-
clase. Fe2O3T increases with increasing MgO, consistent with
accumulation of olivine and chromite.
Comparison with the compositions of major constituent silicate
minerals, the major element compositions of peridotite are mainly
controlled by the proportions of olivine and clinopyroxene cumulus
in the rocks (Fig. 6aed). The contents of major elements of gabbro
are mainly controlled by clinopyroxene and plagioclase cumulus.
Some peridotite, gabbro, and diorite samples have high Fe2O3T
(Fig. 6c) contents due to presence of hornblende and chromite in
the samples. Thus the Harker diagrams support the observed
mineral assemblages.5.3. Trace elements
Whole-rock trace element compositions of the Tuerkubantao
maﬁc-ultramaﬁc rocks are listed in Table 3. Normal Mid-Ocean
Ridge Basalts (N-MORB) normalized trace element diagrams
show that the Tuerkubantao intrusive rocks are enriched in large
ion lithophile elements (Rb, Th, U, and La) and depleted in heavy
rare earth elements (Yb and Lu) (Fig. 7). All samples show well
developed negative Nb-Ta-Ti anomalies, which are similar with
those of Alaskan-type Quetico intrusion (Pettigrew and Hattori,
2006) (Fig. 7a). In contrast to the peridotite, the gabbro and dio-
rite have higher concentrations of the trace elements (Fig. 7b,c). The
trace element patterns of different types of rocks in the Tuerku-
bantao intrusion have sub-parallel trends, suggesting that theTable 1
Olivine compositions of the Tuerkubantao maﬁc-ultramaﬁc complex.
Sample
rock type
tek06-3 tek06-4 tek06-5 tek06-7 tek07-1 tek07-2 tek07-3
Peridotite
wt.%
SiO2 40.8 40.6 41.1 40.8 40.7 40.3 40.2
TiO2 0 0 0.008 0 0 0.013 0
Al2O3 0.010 0. 0 0 0 0 0.008
Cr2O3 0.003 0 0.010 0.005 0 0.064 0.013
FeO 11.0 11.4 11.4 11.1 12.3 11.7 11.1
MnO 0.16 0.16 0.17 0.16 0.15 0.17 0.17
MgO 46.8 47.1 46.9 46.4 46.3 46.9 46.2
NiO 0.26 0.28 0.29 0.30 0.21 0.25 0.27
CaO 0.040 0.031 0.045 0.037 0.041 0.049 0.054
Na2O 0.045 0 0.020 0 0.008 0.014 0.058
K2O 0 0.001 0.008 0 0 0 0
Total 99.1 99.6 100.0 98.8 99.8 99.5 98.1
Fo 88.2 87.9 87.9 88.1 86.9 87.6 87.9
Note: Fo ¼ 100  Mg/(Mg þ Fe).different rock types are related to each other by differentiation of
the same primary magma.
6. Discussion
In the process of magma generation and emplacement, frac-
tional crystallization would change the composition of the magma
and confuse feature of the mantle source. The ratios of trace ele-
ments with similar bulk solid/melt partition coefﬁcients in the
maﬁc-ultramaﬁc intrusive rocks (such as Th/U, Nb/U, La/Nb, etc) are
almost independent of fractional crystallization, and thus highlight
source variations and crustal assimilation.
6.1. Nature of the mantle source
The samples from the Tuerkubantao intrusion are characterized
by enrichment of Rb, Ba, U, Sr, and depleted of Nb, Ta, Ti relative to
N-MORB (Fig. 7). Such trace element patterns are similar with those
of Alaskan-type Quetico intrusion (Pettigrew and Hattori, 2006),
suggesting that the primary magma of the Tuerkubantao intrusion
was generated by partial melting of a metasomatized mantle
modiﬁed by subducted slab-derived melt/ﬂuid.
Although the depletion in high ﬁeld strength elements (such as
Nb, Ta) is normally interpreted to reﬂect magma generation in a
subduction-related environment (Pearce, 1983; Pearce and Peate,tek07-5 tek11-2 tek11-3 tek11-4 tek11-5 tek12-1 tek12-3 tek12-5
40.4 41.0 40.1 41.0 41.3 40.4 41.0 40.6
0.004 0.022 0.026 0.005 0 0 0 0
0 0 0 0.008 0 0.023 0 0.028
0 0 0 0.001 0.012 0.016 0.018 0.028
11.2 11.2 11.1 11.2 11.0 10.8 10.9 11.0
0.11 0.18 0.18 0.17 0.16 0.16 0.15 0.180
47.1 46.1 46.4 46.4 47.5 47.6 45.8 46.6
0.29 0.24 0.25 0.27 0.22 0.26 0.26 0.27
0.050 0.034 0.035 0.055 0.055 0.033 0.032 0.050
0.025 0.035 0.021 0.023 0 0 0.026 0
0 0 0.002 0.004 0 0.007 0.003 0.001
99.2 98.7 98.1 99.2 100.2 99.4 98.2 98.8
88.2 87.9 88.0 87.9 88.4 88.5 88.1 88.2
Figure 5. (a) En-Fs-Di-Hd classiﬁcation diagram of pyroxenes (after Poldervaart and Hess, 1951), aediopside, beenstatite, ceaugite, debroncite. (b) AlZ (percentage of tetrahedral
sites occupied by Al) versus wt.% TiO2 in clinopyroxene (Le Bas, 1962; Loucks, 1990), data of the compositions of clinopyroxenes in Alaskan-type complexes are from Irvine (1974),
Rublee (1994), Helmy and El Mahallawi (2003), Pettigrew and Hattori (2006), and Thakurta et al. (2008).
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regarded to the addition of relatively old continental crust (Wilson,
1989). Compared with the average crust, N-MORB, ocean island
basalt (OIB) and primitive mantle, the Tuerkubantao intrusion has
lower Nb/U ratio and higher La/Nb, Ba/Nb ratios, respectively
(Table 4). Thus these trace elements ratios can not be formed by the
contamination of the mantle end-member with the crust, but
reﬂect the features of the mantle source of the Tuerkubantao
intrusion. The Nb/U, La/Nb, and Ba/Nb ratios of the Tuerkubantao
intrusive rocks are similar with Alaskan-type intrusion, suggesting
that the primary magma of the intrusion was derived from a
metasomatized mantle source.
The oceanic island arcs and active continental margins have
higher Th/Yb and lower Ta/Yb ratios due tomagma generation from
a metasomatic mantle. As shown in Fig. 8a, the Tuerkubantao
intrusive rocks plot in the ﬁeld of oceanic island arcs and active
continental margins, similar to that of the samples from the
Alaskan-type Quetico intrusion (Pettigrew and Hattori, 2006). In
the (La/Nb)PM vs. (Th/Ta)PM diagram, the Tuerkubantao rocks have
trace element compositions similar to the island-arc basalts, also
indicating a subduction-related environment (Fig. 8b). In addition,
magmatic hornblende crystals found in all samples are character-
ized by planar boundaries with other cumulus minerals (Fig. 3b)
and it seems likely that some water was added to the mantle
source. Thus, a metasomatic mantle source modiﬁed by subductedTable 2
Clinopyroxene compositions of the Tuerkubantao maﬁc-ultramaﬁc complex.
Rock
type
tek06-px1 tek06-px2 tek06-px3 tek06-px4 tek07-px3 tek07-px4 tek07-px5
Peridotite
wt.%
SiO2 53.4 51.6 52.2 52.7 52.1 53.4 51.7
TiO2 0.51 0.35 0.37 0.35 0.40 0.17 0.48
Al2O3 2.53 3.07 3.10 3.16 2.96 2.41 3.16
Cr2O3 0.97 1.18 1.26 1.29 1.20 1.08 1.25
FeO 2.87 2.83 2.66 2.79 2.92 2.63 2.76
MnO 0.12 0.11 0.090 0.11 0.12 0.11 0.11
MgO 15.8 15.9 15.8 14.6 16.3 15.9 16.2
CaO 24.2 23.7 23.4 23.8 23.0 24.1 22.2
Na2O 0.48 0.52 0.56 0.43 0.50 0.51 0.65
K2O 0.005 0.009 0.008 0.000 0.000 0.004 0.038
NiO 0.035 0.041 0.045 0.044 0.039 0.034 0.014
Total 100.9 99.3 99.5 99.2 99.5 100.4 98.5
En 44.5 45.1 45.2 43.0 46.3 45.0 46.9
AlZ 3.31 4.75 4.13 3.05 4.31 2.88 4.41
Note: En ¼ 100  Mg/(Mg þ Fe þ Ca), AlZ ¼ AlIV  100/2 (AlIV is the percentage of tetraslab-derived melt/ﬂuid seems most likely for the Tuerkubantao
intrusion.
The gabbroic rocks are seen as crosscutting the peridotite on the
surface (Fig. 2c), indicating their formation from the different pulse
of magma. In addition, the trace element patterns of peridotites,
gabbros, and diorite in the Tuerkubantao intrusion have sub-
parallel trends (Fig. 7), suggesting that the different rock types
are related to each other by differentiation of the same parental
magma. Thus our current understanding of the intrusion is that an
initial pulse of magma rose to a lower chamber and fractionated to
form ultramaﬁc cumulates and the silicate melts. They rose up at
different times, accumulated in a widened part of the magma
conduit and formed the Tuerkubantao intrusion.
6.2. Tectonic implication
6.2.1. Geodynamic setting of Alaskan-type intrusions
Alaskan-type complexes are generally thought to have formed
in subduction zone environments, such as those in the Cordillera of
North and South America (Taylor and Noble,1969; Irvine,1974; Tistl
et al., 1994; Thakurta et al., 2008), Urals (Fershtater et al., 1997),
New South Wales (Johan, 2002), and along the East African
orogenic zone in western Ethiopia (Grenne et al., 2003). These in-
trusions all form linear arrays along major tectonic sutures and
intruded during terrane accretion, following the subduction oftek09-px1 tek09-px2 tek09-px3 tek12-px1 tek12-px2 tek12-px3 tek12-px4
Gabbro Peridotite
53.4 53.6 52.6 51.1 52.7 52.3 51.9
0.33 0.33 0.36 0.36 0.28 0.24 0.24
1.79 2.02 2.25 3.11 2.88 3.02 3.35
0.22 0.10 0.10 1.42 1.29 1.29 1.27
4.05 3.91 3.96 2.69 2.59 2.58 3.04
0.12 0.12 0.15 0.063 0.092 0.089 0.085
16.9 14.9 16.2 16.2 16.1 15.7 17.1
23.2 24.2 23.8 23.4 24.1 24.0 22.6
0.34 0.38 0.32 0.58 0.48 0.46 0.51
0.000 0.007 0.006 0.000 0.005 0.003 0.004
0.012 0.019 0.020 0.057 0.037 0.049 0.069
100.3 99.6 99.8 99.0 100.6 99.7 100.3
46.5 42.5 44.9 46.0 45.4 44.9 47.9
2.61 1.58 3.30 5.41 4.20 4.12 5.30
hedral sites occupied by Al).
Table 3
Major oxides and trace elements abundances of the Tuerkubantao intrusion.
Rock sample Peridotite Gabbro
tek-04 tek-06 tek-07 tek-10 tek-11 tek-12 tek-13 tek-08 tek-09
Major element (wt.%)
SiO2 40.7 38.9 38.1 38.9 39.2 38.1 38.5 50.1 49.9
TiO2 0.20 0.060 0.060 0.060 0.060 0.050 0.080 0.16 0.16
Al2O3 4.19 5.43 7.97 5.62 9.28 5.45 4.66 22.6 16.95
Fe2O3T 9.90 8.99 8.48 9.09 7.71 8.89 9.62 4.10 4.13
MnO 0.18 0.14 0.15 0.14 0.14 0.14 0.14 0.11 0.11
MgO 31.1 34.2 30.5 33.5 28.3 33.8 33.2 7.25 11.4
CaO 3.43 2.62 4.51 1.44 6.06 3.05 1.63 12.0 13.7
Na2O 0.46 0.25 0.26 0.23 0.28 0.16 0.23 2.03 1.10
K2O 0.20 0.04 0.21 0.07 0.33 0.03 0.06 0.33 0.82
P2O5 0.040 0.020 0.010 0.010 0.010 0.010 0.010 0.010 0.010
LOI 8.77 8.85 8.27 10.5 8.09 8.93 10.4 1.97 2.26
Total 100.1 100.5 99.6 100.3 100.4 99.5 99.4 101.0 100.8
Trace element (ppm)
Sc 10.7 3.98 3.08 3.48 5.54 6.76 6.71 16.6 28.8
V 65.7 36.1 40.4 30.8 36.7 34.3 36.8 87.6 115
Cr 2001 1990 2329 1865 2306 2216 2148 684 364
Co 93.7 101 100 99.2 80.9 97.5 101 21.1 28.3
Ni 1041 1256 1308 1204 1127 1342 1359 96.4 164
Cu 42.8 111 154 46.9 115 119 72.7 155 36.7
Rb 7.68 1.64 5.36 3.12 7.74 1.56 2.52 9.21 25.2
Sr 57.9 23.7 77.3 19 169 14.7 27.5 204 335
Y 5.36 1.79 1.37 1.53 1.6 1.56 2.33 6.95 7.92
Zr 24 6.04 5.47 6.17 4.81 5.76 8.93 13.7 10.2
Nb 1.16 0.29 0.22 0.35 0.32 0.19 0.42 1.06 0.66
Ba 55.4 15.4 22.4 12.1 23.3 2.75 38.9 85 122
La 3.43 0.86 0.78 0.85 0.90 0.47 1.08 3.67 2.97
Ce 7.28 2.09 1.69 1.95 1.94 1.12 2.43 8.59 7.43
Pr 0.86 0.24 0.20 0.21 0.21 0.14 0.28 0.96 0.93
Nd 3.56 1.01 0.87 0.91 0.98 0.66 1.19 4.13 4.14
Sm 0.88 0.26 0.20 0.23 0.27 0.19 0.30 0.99 1.13
Eu 0.27 0.12 0.14 0.13 0.15 0.10 0.13 0.59 0.35
Gd 0.89 0.27 0.25 0.21 0.26 0.23 0.35 1.14 1.24
Tb 0.153 0.055 0.041 0.040 0.045 0.049 0.063 0.21 0.24
Dy 1.00 0.33 0.24 0.26 0.28 0.27 0.39 1.24 1.46
Ho 0.20 0.07 0.05 0.057 0.056 0.055 0.086 0.26 0.30
Er 0.20 0.06 0.06 0.060 0.060 0.050 0.080 0.16 0.16
Tm 0.085 0.029 0.022 0.025 0.029 0.025 0.044 0.117 0.120
Yb 0.55 0.20 0.16 0.18 0.19 0.17 0.25 0.72 0.72
Lu 0.089 0.034 0.026 0.030 0.028 0.026 0.035 0.11 0.11
Hf 0.66 0.18 0.13 0.15 0.13 0.15 0.23 0.42 0.36
Ta 0.098 0.031 0.022 0.026 0.036 0.026 0.034 0.081 0.058
Th 0.69 0.24 0.15 0.18 0.21 0.12 0.22 0.46 0.80
U 0.19 0.12 0.15 0.13 0.14 0.046 0.17 0.15 0.11
Pb 7.06 8.77 4.73 2.06 4.61 1.70 3.14 3.65 1.91
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core of dunite surrounded by successive concentric rims of wehr-
lite, olivine clinopyroxenite, and hornblendite. However, the lith-
ofacies zones are not well developed and are often discontinuous
and asymmetric in most examples. On a worldwide basis, pyrox-
enes are most exclusively clinopyroxenes and orthopyroxene is
either missing or occurs in very low abundance in the Alaskan-type
complexes. Magnetite is a common mineral in olivine pyroxenites
and hornblendites and its local abundance can be as high as
15e20% by volume (Taylor, 1967; Himmelberg and Loney, 1995).
The mineral chemistry of the Alaskan-type complexes is charac-
terized by Mg-rich olivine, Ca-rich diopsidic clinopyroxene with a
wide range in composition (Irvine, 1974; Helmy and El Mahallawi,
2003). All rock types show low abundances of incompatible ele-
ments such as Y and rare earth elements, low high-ﬁeld strength
elements, and relatively high large ion lithophile elements
(Pettigrew and Hattori, 2006; Thakurta et al., 2008; Ripley, 2009).
To date, magmatic Cu-Ni-PGE deposits have been discovered in
only a few Alaskan-type complexes (Johan, 2002; Pettigrew and
Hattori, 2006; Thakurta et al., 2008). However, the geologicsettings of these deposits suggest that Alaskan-type complexes and
continental subduction zones should not be overlooked as explora-
tion targets for magmatic Cu-Ni-PGE sulﬁde mineralization (Tornos
et al., 2001; Maier et al., 2008; Thakurta et al., 2008; Ripley, 2009).
6.2.2. Tectonic implication of the Tuerkubantao intrusion
The ophiolite complexes are interpreted to represent the relic of
fossil ocean lithosphere that has been uplifted and deformed
intensely (Coleman, 1981; Parlak et al., 2000; Zhu et al., 2008). The
layered gabbro is located on top of the ultramaﬁc cumulates in
ophiolite complexes (Coleman, 1981; Parlak et al., 1996). The
Tuerkubantao maﬁc-ultramaﬁc intrusion was previously consid-
ered to be part of an ophiolite (Wang et al., 2012). But the Tuer-
kubantao intrusive rocks have not been intensely extruded and
deformed. The peridotite occurs above the gabbro and is crosscut
by the gabbro in the ﬁeld (Fig. 2b,c). These features suggest that the
Tuerkubantao complex is not a fragment of an ophiolite.
The Tuerkubantao intrusion displays many similarities with
Alaskan-type maﬁc-ultramaﬁc intrusions (Table 5). It was formed
an array along the secondary faults of the Irtysh fault, which is the
Figure 6. Harker diagrams of the Tuerkubantao intrusion. The ﬁelds of the compositions of plagioclase and chromite are after our unpublished data. Some whole rock data of the
Tuerkubantao intrusion are from Guo (2009) and Wang et al. (2012). Ol e olivine; Cpx e clinopyroxene; Pl e plagioclase; Chr e chromite.
Figure 7. N-MORB normalized spider diagrams of the Tuerkubantao intrusion. Also the ﬁeld for the rocks from the Alaskan-type Quetico intrusion is shown (Pettigrew and Hattori,
2006). Some data for the Tuerkubantao intrusion are from Guo (2009) and Wang et al. (2012). N-MORB normalizing values are from Pearce (1982).
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Table 4
Trace element ratios of the Tuerkubantao intrusive rocks.
Nb/U La/Nb Ba/Nb
Tuerkubantao intrusion 1.52e6.97 2.45e4.53 14.6e186
Alaskan-type intrusion 2.18e10.5 2.11e13.1 40.9e129
Primitive mantle 33.95 0.96 9.80
N-MORB 49.57 1.07 2.70
OIB 47.06 0.77 7.29
Average crust 8.45 1.50 32.5
Data sources: Data of the primitive mantle, N-MORB and OIB are from Sun and
McDonough (1989), the data of the average crust and Alaskan-type intrusion are
from Rudnick and Fountain (1995) and Pettigrew and Hattori (2006), respectively.
Y. Deng et al. / Geoscience Frontiers 6 (2015) 141e152 149suture of theWest Junggar orogenic belt and the Altay orogenic belt
to the north (He et al., 1994; Dong et al., 2010a,b). The Alaskan-type
intrusions are generally small compared to other types of maﬁc-
ultramaﬁc igneous complexes (Foley et al., 1997; Pettigrew and
Hattori, 2006). This feature is similar to the Tuerkubantao intru-
sion, which is in size of w3 km2. The Tuerkubantao complex has
concentric zoning from olivine-rich cores to the marginal gabbroic
rocks. Both Alaskan-type and Tuerkubantao intrusions display no
chilled margins (Nixon et al., 1997; Pettigrew and Hattori, 2006;
Guo, 2009; Wang et al., 2012), which have been explained by
emplacement of differentiated cumulus and repeated injection ofFigure 8. (a) Diagram of Ta/Yb versus Th/Yb (after Pearce and Peate, 1995); (b) diagram of
intrusion are from Guo (2009) andWang et al. (2012). Data of arc volcanics are from Ellam et
(2001) and Marini et al. (2005). Data of lower crust and GLOSS are from Rudnick and Foun
Table 5
Comparisons between Alaskan-type and Tuerkubantao intrusions.
Alaskan-type intrusions
Age Mostly Phanerozoic
Geological setting Close to the end of subduction, prior to accretion-co
Size Most are small in size ranging from 12 to 40 km2
Morphology and zoning Crude concentric zoning of lithologies grading from
ultramaﬁc cores to maﬁc rims; lack of chilled margin
Sequence of intrusion Gabbroic and dioritic rocks intrude late
Lithology Dunite, hornblendite, clinopyroxenite, gabbro; mino
and syenitic rocks
Textures Accumulated texture with minor/no trapped liquid
Mineralogy Abundant clinopyroxene, primary hornblende, magn
orthopyroxene and plagioclase in ultramaﬁc rocks
Chromite Common occurrence of chromite in dunite
Mineral chemistry High-Mg olivine; diopsidic clinopyroxene; phlogopit
hornblende is calcic with a wide range in compositio
Bulk rock geochemistry Low incompatible elements; relatively high LILE and
no Eu anomalies
Mineralization PGE mineralization in olivine-rich cores (dunite) ass
chromite; some Cu-Ni mineralizationmagmas as feeder pipes of overlying volcanic rocks (Murray, 1972;
Tistl et al., 1994; Thakurta et al., 2008). The Alaskan-type and
Tuerkubantao intrusions contain abundant clinopyroxene, olivine,
and hornblende with essentially no orthopyroxene (Irvine, 1974;
Thakurta et al., 2008; Ripley, 2009).
Olivine is Mg-rich (Fig. 4) and clinopyroxene is diopsidic in both
Tuerkubantao and Alaskan-type intrusions (Fig. 5). Fig. 5 shows the
percentage of tetrahedral sites occupied by Al vs. TiO2 content
(Loucks, 1990). Our data are in good agreement with the clinopyr-
oxene compositions of the Alaskan-type complexes worldwide.
Similar to the Alaskan-type intrusions, the characteristics of
mineralogy and geochemistry of the Tuerkubantao intrusive rocks
indicate that the primary magma of the intrusion may be derived
from partial melting of a metasomatized mantle. In addition, the
geochronologic and geochemical data from the ophiolites and
associated assemblages suggest a northwestward subduction
model for the West Junggar during the Devonian (Wang et al.,
2003a; Yang et al., 2012a). The Devonian calc-alkaline volcanic
rocks, which the Tuerkubantao complex was intruded into, are
generally considered to be formed in an island-arc setting (BGMX,
1993; Guo, 2009). Thus it seems most likely that the Tuerku-
bantao maﬁc-ultramaﬁc intrusion is Alaskan-type complex which
was formed in the subduction-related setting.(La/Nb)PM versus (Th/Ta)PM (after Neal et al., 2002). Some data for the Tuerkubantao
al. (1989), Pearce et al. (1995), Elliott et al. (1997), Turner et al. (1997), Turner and Foden
tain (1995) and Plank and Langmuir (1998), respectively.
Tuerkubantao intrusion
Middle Devonian
llision Close to the end of subduction, prior to accretion-collision
In size of w3 km2
olivine-rich Crude concentric zoning of lithologies grading
from peridotite cores to gabbro rims; lack of
chilled margin
Late intrusion of gabbroic rocks
r dioritic Peridotite, clinopyroxenite, gabbro; minor dioritic rocks
Accumulated texture with minor/no trapped liquid
etite; lack of Abundant clinopyroxene, primary hornblende,
magnetite; lack of orthopyroxene in ultramaﬁc rocks
Common occurrence of chromite in peridotite
ic mica;
n
High-Mg olivine; diopsidic clinopyroxene
low HFSE; Low incompatible elements; relatively high
LILE and low HFSE
ociated with Cu-Ni mineralization
Table 6
The isotopic U-Pb age of the Devonian subduction-related magmatic rocks/deposits in north Xinjiang.
Tectonic location Magmatic rocks/deposits Age (Ma) Dating methods Data source
Magmatic rocks
West Junggar Gabbro from Darbut ophiolitic 391  6 Zircon LA-ICP-MS Yang et al., 2012a
Gabbro from Karamary ophiolitic 414.4  8.6 Zircon SHRIMP Xu et al., 2006
Chagankule K-feldspar granite 410  3 Zircon SHRIMP Chen et al., 2010
Halasala felsite 405  4 Zircon SHRIMP Chen et al., 2010
Altay Plagiogranite from Kuerti ophiolite 372  19 Zircon SHRIMP Zhang et al., 2003b
Wutubulake tonalite 387.7  2.1 Zircon LA-ICP-MS Zhang et al., 2011
Qiaoxiahala diorite porphyrite 377.6  1.4 Zircon LA-ICP-MS Zhang et al., 2012
Liangkeshu granite 376.7  1.3 Zircon LA-ICP-MS Jiang et al., 2011
Mengku plagiogranite 400  6 Zircon SHRIMP Yang et al., 2008
Rhyolites from Kangbutiebao Formation 398.1  1.8 Zircon LA-ICP-MS Chai et al., 2012a
East Junggar Plagiogranite from Kalamaili ophiolite 373  10 Zircon SHRIMP Tang et al., 2007
Xileketehalasu granodiritic porphyry 381  6 Zircon SHRIMP Zhang et al., 2006
Augitophyre from Beitashan Formation 380.5  2.2 Zircon LA-ICP-MS Chai et al., 2012b
Porphyry Cu deposits
Altay Kalaxianger granodiritic porphyry 390  4.9 Zircon LA-ICP-MS Xiang et al., 2009
Yukenhalasu porphyritic granite 381  2.5 Zircon LA-ICP-MS Zhao et al., 2009
East Junggar Yunyingshan-Mengxi granite prophyry 411.7  7.1 Zircon SHRIMP Wang et al., 2009
Tonghualing monzonitic porphyry 418.5  2.6 Zircon LA-ICP-MS Guo et al., 2009
Heersai granodioritic porphyry 410.5  4.5 Zircon CAMECA Du et al., 2010
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ophiolitic complexes, and the subduction-related acid magmatic
rocks, an intra-oceanic subduction scenario is proposed for the
Devonian in the West Junggar (Zhang et al., 2003b; Xu et al., 2006;
Chen et al., 2010; Yang et al., 2012a). As shown in Table 3, the
Devonian ophiolitic complexes, the acid intrusive rocks, and vol-
canic rocks in the Altay and East Junggar orogenic belts are widely
thought to be generated in subduction-related setting, including
continental arc and ocean island arc (Zhang et al., 2003a, 2006;
Tang et al., 2007; Yang et al., 2008; Jiang et al., 2011; Zhang et al.,
2011; Chai et al., 2012a, b; Zhang et al., 2012), which is consistent
with the occurrence of arc-related porphyry copper deposits (Guo
et al., 2009; Wang et al., 2009; Xiang et al., 2009; Zhao et al.,
2009; Du et al., 2010; Yang et al., 2012b). As noted above, expan-
sive oceans have widely existed during the Devonian around the
Junggar block, accompanying with subduction of the oceanic slab.
The arc magmatism resulted in a series of calc-alkaline intrusive
and volcanic rocks, as represented by the Alaskan-type Tuerku-
bantao maﬁc-ultramaﬁc intrusion (Table 6).7. Conclusions
We have conducted a comprehensive study of the petrology,
mineral chemistry, and whole-rock geochemistry of the Tuerku-
bantao maﬁc-ultramaﬁc complex. The intrusive contact between
peridotite and gabbro clearly suggests that the Tuerkubantao com-
plex is not a fragment of an ophiolite. The Tuerkubantao intrusion is
characterized by enrichment of large ion lithophile elements and
depleted high ﬁeld strength elements relative to N-MORB, which
indicates that the primarymagma is generated by partialmelting of a
metasomatizedmantle. The concentric zoning fromolivine-rich cores
to the intrusion,mineralogy, and arc-geochemical signatures indicate
the Tuerkubantao intrusion is Alaskan-type complex which was
formed in the subduction-related setting. TheDevonianAlaskan-type
Tuerkubantao intrusion, ophiolitic complexes, and the subduction-
related acid magmatic rocks suggest that expansive oceans have
widely existed during the Devonian around the Junggar block.Acknowledgments
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